Objectives To investigate the lipase-catalyzed acylation of quercetin with oleic acid using Candida antarctica lipase B. Results Three acylated analogues were produced: quercetin 4 0 -oleate (C 33 H 42 O 8 ), quercetin 3 0 ,4 0 -dioleate (C 51 H 74 O 9 ) and quercetin 7,3 0 ,4 0 -trioleate (C 69 H 106 O 10 ). Their identities were confirmed with UPLC-ESI-MS and 1 H NMR analyses. The effects of temperature, duration and molar ratio of substrates on the bioconversion yields varied across conditions. The regioselectivity of the acylated quercetin analogues was affected by the molar ratio of substrates. TLC showed the acylated analogues had higher lipophilicity (152% increase) compared to quercetin. Partition coefficient (log P) of quercetin 4 0 -oleate was higher than those of quercetin and oleic acid. Quercetin 4 0 -oleate was also stable over 28 days of storage.
Introduction
Flavonoids are a vast group of naturally occurring phenolic compounds found ubiquitously in plants. Modifications of flavonoids via chemical, enzymatic, or chemoenzymatic reactions have been carried out to improve solubility or stability of flavonoids (Chebil et al. 2006) . Enzymatic glycosylation and acylation are more promising compared to chemical synthesis due to their higher regioselectivity.
Quercetin is the most abundant dietary flavonoid found in a broad range of fruits, vegetables, herbs and beverages with numerous desirable bioactivities. Aglycone flavonoids, such as quercetin, have higher biological activities in vitro compared to glycosylated forms such as rutin (Russo et al. 2012) . However, most flavonoid acylation studies have focused on the modification of glycosylated flavonoids because acylation occurred more readily on the glycosylated rings than the hydroxyl groups of A, B and C rings on aglycones (Gonzalez-Sabin et al. 2011) . Thus, the Electronic supplementary material The online version of this article (doi:10.1007/s10529-016-2246-5) contains supplementary material, which is available to authorized users. study on the latter type of quercetin derivatives is extremely scarce.
Quercetin has been acetylated with vinyl acetate using Candida antarctica lipase B (Chebil et al. 2007 ) and a thermophilic esterase APE1547 from the archaeon Aeropyrum pernix K1 (Xie et al. 2012) . Acylation of quercetin with cinnamic acid catalyzed by C. antarctica lipase B or Pseudomonas cepacia lipase C have been demonstrated in our previous study (Saik et al. 2016) . Chemical synthesis of quercetin fatty esters by reaction of quercetin with fatty acid chlorides of oleic, linoleic and linolenic acids was reported by Mainini et al. (2013) . According to Mainini et al. (2013) , quercetin inhibits oxidative skin damage and the inflammatory responses due to solar UV radiation but the use of quercetin in topical applications is limited by its low skin permeability and solubility. The skin has a trilaminate structure consisting of the outer hydrophobic stratum corneum, underlying viable hydrophilic epidermis and dermis. This amphiphilic nature of the skin resulted in skin permeability being highly dependent of the lipophilicity of a penetrant (Lee et al. 1994) .
Oleic acid, a monounsaturated fatty acid, was chosen to be the acyl donor. Even though omega-3 and omega-6 polyunsaturated fatty acids have desirable health benefits, they are highly susceptible to oxidation and require non-oxygenated experimental conditions. Lipase-catalyzed acylation of quercetin with oleic acid using C. antarctica lipase B was investigated in this research to produce lipophilic quercetin oleate esters useful for topical application. We describe here the effects of incubation temperature, reaction duration and molar ratio of substrates on the bioconversion yield and regioselectivity of the acylated quercetin analogues. The lipophilicity, solubility and stability of the acylated analogues were also determined.
Materials and methods

Enzyme
Immobilized C. antarctica lipase B (CAL-B/Novozym 435, acrylic resin, 7000 PLU/g: propyl laurate units synthesized per gram of catalyst) was from Novozymes (Denmark).
Enzymatic acylation of quercetin with oleic acid Enzymatic acylation of quercetin with oleic acid was carried out according to the modified method of Chebil et al. (2007) . The range of incubation duration, incubation temperature and molar ratio of substrates selected were based on other studies on enzymatic modification of flavonoids (Ardhaoui et al. 2004a, b) . Quercetin and oleic acid were dried in desiccators containing silica gel whereas acetonitrile was dried on 4Å molecular sieves for 24 h prior to the experiment. In a 250 ml screw-capped conical flask, quercetin (15 g/l) and 50 ml acetonitrile were added. Oleic acid was used in excess and the molar ratio of quercetin/ oleic acid was varied from 1:5, 1:10 to 1:20. The acylation reaction was started by adding 50 g CAL-B/ l. The reaction was at 40, 50 or 60°C with agitation at 100 rpm for 7 days under N 2 . The reaction was halted at day 7 by filtration using a Whatman glass microfiber filter paper to remove the lipase. Samples (1 ml) were taken from the reaction medium daily for 7 days.
HPLC analysis
The acylation reaction of quercetin was monitored by HPLC, (see Chebil et al. 2007 ) using a LiChrospher 100 RP-18 LiChroCART column (4 9 250 mm, 5 lm) at 55°C. Elution of the 20 ll injected sample was carried out with a two-step gradient system, with acetonitrile as solvent A and water as solvent B at 0.5 ml/min: 40% A for 10 min, followed by a 20 min linear gradient to 100% A. Detection was with a diode array. Each individual reaction component was collected by a HPLC preparative system and freeze-dried for further identification by MS and proton NMR. The bioconversion yield was calculated on the basis of the total peak area of an acylated quercetin analogue, monitored at 215 nm, at a defined reaction time, divided by the area of the quercetin blank (at 50 mM), multiplied by 100 (Sabally et al. 2006 ).
Ultra-performance electrospray ionization-mass spectroscopy (UPLC-ESI-MS) analysis
Analyses were performed on Agilent 1290 Infinity Liquid Chromatography system equipped with an Agilent 6520 Accurate-Mass Q-TOF (time-of-flight) spectrometer (Agilent, USA). The electrospray source was set in a negative ionization mode at 300°C and 4 kV. Separation of reaction components was performed on an Agilent Zorbax SB-C18 column (2.1 9 150 mm, 13.5 lm). Elution of the 10 ll injected sample was carried out at 55°C with a three-step gradient, with water ? 5 mM ammonium formate as solvent A and methanol ? 5 mM ammonium formate as solvent B. Elution, at 0.5 ml/min, was with 97% A for 1 min, increasing to 100% B at 13 min, and maintained at 100% B until 18 min.
H-NMR analysis
The chemical structures of acylated quercetin analogues were determined by 1 H-NMR in DMSO-d 6 using a Bruker AVANCE III 600 MHz spectrometer coupled to a cyroprobe. For comparison, the chemical shifts of pure quercetin and oleic acid were also determined.
Determination of lipophilicity by TLC
Silica gel TLC F254 plates (Merck) were developed with ethyl acetate/chloroform (50:50 v/v) then stained with phosphomolybdic acid in 10% (v/v) ethanol and dried on a heating plate.
Determination of partition coefficient (log P)
Partition coefficient (log P) value for quercetin, oleic acid and the acylated quercetin analogues were determined using a ChemBio-Draw 14.0 software (PerkinElmer, USA).
Stability analysis Quercetin 4
0 -oleate was isolated using HPLC and stored at 4°C. Quercetin 3 0 ,4 0 -dioleate and quercetin 7,3 0 ,4 0 -trioleate were not isolated due to limited amounts of sample. The percentage of quercetin 4 0 -oleate was analyzed using the HPLC method described above at an interval of 7 days for 28 days.
Statistical analysis
All experiments were performed in triplicate independently and data were presented as means ± standard deviations. Statistical analysis was carried out using a one-way ANOVA, followed by the Tukey's post hoc test. The differences of the variables between groups were performed with Student's t test using SPSS 16.0 program. The statistical significance was evaluated at p \ 0.05.
Results and discussion
Identification and characterization of reaction components UPLC-ESI-MS identified three acylated analogues ( Fig. 1 (Table 1) , which was based on A-C ring with a oleic acid group added at 7-position and a carbon added at 2-position, confirmed the formation of quercetin 7,3 0 ,4 0 -trioleate. 1 H-NMR characterization of the quercetin oleate esters also showed that the acylation took place successively on 4 0 -OH, 3 0 -OH and 7-OH hydroxyls (Table 2 ). These findings are in accordance with Chebil et al. (2007) and Saik et al. (2016) . The location of the acylation sites was determined by comparing the chemical shifts between pure quercetin and its acylated analogues. The chemicals shifts were found to be slightly shifted to downfield or upfield. For examples, substitutions at 3 0 , 4 0 and 7 hydroxyls to form quercetin 7,3 0 ,4 0 -trioleate moved the chemical shifts of the neighbouring protons (2 0 , 5 0 , 6 and 8) to lower field (Table 2 ). The chemical shifts of oleic acid were also detected in the three acylated quercetin analogues ( Supplementary Fig. 1d-f) , thus confirming the attachment of oleic acid group(s) to the core structure of quercetin.
The reactivity of the 4 0 -OH group of quercetin was supported by a study using ab initio (STO-3G) and semiemperical (AM1 and PM3) modelling methods (Russo et al. 2000) . The absence of acylation in the 3-OH and 5-OH hydroxyl groups was due to an intramolecular hydrogen bond between H5-O4-H3, thus making these two hydroxyl groups pre-occupied for acylation to occur (Russo et al. 2000) . The sites of acylation are in agreement with other published studies which investigated the acetylation of quercetin with vinyl acetate or cinnamic acid via enzymatic pathway (Chebil et al. 2007; Xie et al. 2012; Saik et al. 2016) or with fatty acid chlorides via chemical pathway (Mainini et al. 2013) .
Acylation of quercetin with oleic acid by CAL-B differed from other published studies as Pseudomonas cepacia lipase C (PCL-C) could only acylate the phenolic groups on quercetin (Ardhaoui et al. 2004b; Chebil et al. 2007 ). Bidouil et al. (2011) reported that acetylation of quercetin was only possible with PCL-C due to the position of acetate within the oxyanion hole. The discrepancy observed in this study could be a combined result of several factors. Chebil et al. (2007) used vinyl acetate as an acyl donor, which has a shorter carbon chain length than oleic acid. (Ardhaoui et al. 2004b ) also reported that there was no reaction with lipase-catalyzed acylation of quercetin with fatty acids (but not including oleic acid) when catalyzed by CAL-B in 2-methyl-2-butanol at 60°C. In this study, quercetin was acylated with oleic acid using CAL-B in acetonitrile. The discrepancy could also be due to the use of different solvent as it affects the solubility of quercetin, oleic acid, and the scaffold for immobilized lipases to perform acylation reaction. In addition, 2-methyl-2-butanol has a log P value of 1.095, whereas acetonitrile has a log P value of -0.334. The nature (lipophilicity) of the reaction media can also affect the lipase-catalyzed acylation reaction (Kontogianni et al. 2001) . Furthermore, different quercetin concentration, quercetin:acyl donor molar ratio and shorter reaction duration used could also affect the enzymatic reactions (Ardhaoui et al. 2004a) . 
Effect of incubation temperature and reaction duration on bioconversion yield
Acylation of quercetin with oleic acid was optimal at 60°C up to day 7 (Fig. 2) . For practical applications, although higher bioconversion yield can be obtained at longer times, this is not cost effective. In other reactions, CAL-B performed 37-60°C (Ardhaoui et al. 2004a ) and 40-60°C (Saik et al. 2016 ).
There were no significant differences in the bioconversion yields obtained at 50 or 60°C from day 1 until day 6 (Fig. 2) . Yields at 40°C were similar throughout the 7 days (Fig. 2) . These results are in accordance with the lipase-catalyzed acylation of quercetin with cinnamic acid reported by Saik et al. (2016) and Chebil et al. (2007) who investigated the acetylation of isoquercitrin with vinyl acetate. Mellou et al. (2005) investigated the acylation of chrysoeriol-7-O-b-D-(3 00 -E-p-coumaroyl)-glucopyranoside with vinyl laurate catalyzed by CAL-B found that the yield reached a plateau from 48 h onwards. Shorter time intervals could be investigated in the future.
Effect of the molar ratio of substrates on bioconversion yield and regioselectivity
The effect of the molar ratio of substrates on the bioconversion yield was only significant at 60°C, day 7 (Fig. 3) . The yield at 60°C with quercetin/oleic acid molar ratio of 1:5 was significantly lower (p \ 0.05) than those of 1:10 and 1:20 (Fig. 3) . These findings were in accordance with Chebil et al. (2007) who reported that yields increased with increasing molar ratio of acyl donor from 5 to 10 and 20. Mellou et al. (2005) , who investigated the acylation of chrysoeriol- Only the acylated quercetin analogues obtained from day 7 at 60°C were analyzed for regioselectivity (Table 3 ). The highest fraction of acylated analogues produced was quercetin 4 0 -oleate followed by quercetin 3 0 ,4 0 -dioleate and quercetin 7,3 0 ,4 0 -trioleate at quercetin/oleic acid molar ratios of 1:5, 1:10 and 1:20 (Table 3 ). However, there were similar proportions at quercetin/oleic acid molar ratios of 1:10 and 1:20 but not at 1:5. Thus, molar ratio of substrates affected the regioselectivity of the acylation quercetin analogues. This is in agreement with the study of Chebil et al. (2007) .
Lipophilicity, partition coefficient (log P) and stability of acylated quercetin analogues A higher R f value indicates a more lipophilic compound in this TLC analysis. The R f values of quercetin, oleic acid and acylated quercetin analogues were 0.38 ± 0.06, 0.88 ± 0.02 and 0.96 ± 0.02, respectively. These data confirm that the acylated quercetin analogues possess enhanced lipophilicity (152% increase) compared to quercetin (Supplementary Fig. 2) . In silico investigation of quercetin 4 0 -oleate also showed a higher partition coefficient (log P) value (Table 4 ) than quercetin or oleic acid. This indicates that different solubility was obtained with acylation of quercetin with oleic acid. In addition, there were no significant differences in the percentages of quercetin 4 0 -oleate stored over a period of 28 days (Fig. 4) . This indicates that quercetin 4 0 -oleate was stable during this period.
Conclusions
Acylation of quercetin with oleic acid via enzymatic catalysis using CAL-B generated three oleate esters: quercetin 4 0 -oleate, quercetin 3 0 ,4 0 -dioleate and quercetin 7,3 0 ,4 0 -trioleate. The regioselectivity of the acylated quercetin analogues was affected by the molar ratio of substrates. With enhanced lipophilicity, these quercetin oleate esters may have great potential to be used in topical applications. Fig. 4 Percentage of quercetin 4 0 -oleate over 28 days. Data are expressed as means ± standard deviations (n = 3). Same letters denote no significant difference
